Abstract: Heavy-duty trucks contribute a significant component of all transportation in cargo terminals, such as Shaanxi Province, China. The emissions from these vehicles are the primary source of carbon emissions during highway operations. While several studies have attempted to address emission issues by improving traffic operations, a few focused on the relationship between emissions and highway geometric design, especially for heavy-duty trucks. The primary goal of this research was to understand the impact of circular curve on carbon dioxide (CO 2 ) emissions produced by heavy-duty diesel trucks. Firstly, appropriate parameters were specified in MOVES (motor vehicle emission simulator) model according to the geometrical characteristics. Fuel consumption, speed and location data were collected by hiring five skilled drivers on the automotive proving ground located at Chang'an University, Shaanxi Province. The associated carbon emission data were derived from fuel consumption data by applying the IPCC (Intergovernmental Panel on Climate Change) method. After this, the applicability of MOVES model was verified by the field experiment. Moreover, a multiple regression model for CO 2 emissions incorporated with roadway segment radius, circular curve length, and initial vehicle speed was established with data generated by the MOVES model. The proposed CO 2 emission model was also verified by field experiment with relative error of 6.17%. It was found that CO 2 emission had monotone decreasing property with radius increasing, and the minimum radius that influenced diesel CO 2 emission was 550 m. The proposed quantitative CO 2 emission model can provide a reference for low-carbon highway design, leading to environment-friendly transportation construction.
Introduction
Global warming caused by greenhouse gases is a severe challenge for human beings. CO 2 is a major cause of greenhouse gas. China's CO 2 emissions increased significantly with rapid economic growth [1] and reducing CO 2 emission is an arduous task in China's efforts to tackle global climate change [2] . In China, approximately 10% of total CO 2 emissions is emitted by the transportation sector [3] , among which heavy-duty trucks account for about 20% by diesel fuel consumption. Besides, heavy-duty trucks take a large proportion of all transportation in cargo terminals, such as that in Shaanxi Province (about 39.98%) [4] . Therefore, the study of carbon emissions from heavy-duty trucks has more practical significance on these roads compared with cars. reduction and acceleration/deceleration. From [20] , it was found that fuel consumption and emissions increased with smaller radius than the minimum standard. However, only radius was chosen as horizontal alignment element in this research. The association of carbon emissions and the circular curve were evaluated for Northwestern China using radius and length of the circular curve, coupled with the initial velocity as the variables. It was found that the minimum curve radius impacting carbon emissions was 500 m for a 30 ton load heavy-duty truck reported only on the basis of field test data which was limited [21] . From the previous studies [18, 20, 21] , it can be concluded, on circular curve, carbon emission is influenced by both radius and curve length. Other horizontal geometric elements such as CCR have certain influence on driving operation and CCR has been studied by many scholars [17] [18] [19] , and radius was primarily chosen as the research variable in this paper, but that is not in the scope of this research. In collecting data, most scholars preferred model simulation [17] [18] [19] [20] .
The existing studies on horizontal alignment mainly examined carbon emissions from passenger cars [17] [18] [19] . Moreover, the road elements are not comprehensively studied [17] [18] [19] [20] . Compared with passenger cars, HGVs (heavy goods vehicles) are influenced greatly with small-radius curve sections [22] . The transverse force on HGVs is greater with high gravity center. Influenced by transverse force, HGVs need to overcome the friction between tires and road surface while cornering, increasing fuel penalty. In understanding the impact of horizontal alignment on carbon emissions from heavy-duty trucks, this research analyzed the relationship between horizontal alignment elements (radius, circular curve length and initial speed) and cumulative CO 2 emission. By applying the MOVES model, large number of energy consumption and truck operation data were obtained. Then a novel CO 2 emission prediction model was proposed. The applicability of the proposed model was further validated using field experiment data. The advantages of the proposed model are two-fold. Firstly, the model can precisely predict the cumulative CO 2 emission from heavy trucks. Secondly, the three variables, circular curve radius, curve length and initial speed are comprehensively considered in model construction, filling the research gap on impacting of horizontal alignment on CO 2 emission. The findings will be promising in environmentally-friendly highway design and sustainable transportation construction.
The rest of the paper is organized as follows. The fundamentals of the MOVES model are presented in Section 2. Section 3 describes the evaluation of heavy-duty diesel truck fuel consumption and emission. The modeling and validation of the CO 2 emission prediction model is also outlined. The whole research is discussed in Section 4 and summarized in Section 5.
Methods and Data
There are many alignment combinations for highway horizontal alignment. It is difficult to obtain data under combinations of different radii and curve lengths only by field experiment because on-site alignments are heavy workloads, but the MOVES model can easily achieve this goal. In this section, parameters in the MOVES model are well chosen and then are verified by a field experiment carried out in Chang'an University, Shanxi Province. AIC (Akaike's information criterion) and BIC (Bayesian information criterion) criteria are employed to evaluate the goodness-of-fit for modeling.
Motor Vehicle Emission Simulator (MOVES) Model Parameters Selection
In the modeling process, the user specifies time period, geographical area, vehicle type, road type, fuel type and vehicle operating characteristics to be modeled. The model then performs a series of calculations, which have been carefully developed to accurately reflect vehicle operating processes. In this study, model parameters were determined according to the basic conditions of Xi'an city, Shaanxi Province.
(1) Time period: multiple differences exist in diesel emission standards and diesel quality between China and the United States. At present, diesel oil adopted in Shaanxi province is regulated by stage-V emission standard of China. Therefore, the simulation time period was determined to be the year 2000 after matching the relevant parameters of the United States and China. Detailed comparison of diesel quality between the two nations is shown in Table 1 [23] . When using the MOVES model, it is essential to calculate the VSP (vehicle specific power) according to the instantaneous speed and acceleration. On this basis, the operating mode value (OMV) was estimated by dividing the highway into different sections. Therefore, the accuracy of the simulation results is partially determined by the selection of instantaneous acceleration and instantaneous speed models. In this research, it was assumed that drivers applied a constant deceleration prior to the curve midpoint and a constant acceleration before they left the curve, and the matching instantaneous speed model in MOVES used in this paper is shown in Equation (1) [24, 25] :
where V 0 is the initial speed (km/h); α 1 is the deceleration from the beginning to the midpoint of the curve (m/s 2 ), the calculation equation is shown in Table 4 ; t 1 is the total driving time from the starting point to the midpoint of circular curve (s),
; V m is the speed at the midpoint of the
S is the total length of the circular curve (m); α 2 is the acceleration from midpoint to endpoint of circular curve (m/s 2 ) and is shown in Table 5 ; t 2 is the total driving time from the midpoint to the endpoint of the circular curve (s),
, V f is the speed at the endpoint of the circular curve (km/h), Table 4 . Equation for calculating deceleration from starting point to midpoint of circular curve.
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MOVES Model Verification
Since the parameters in MOVES are obtained according to vehicle emission data in United States of America, thus the applicability in China needs to be tested. A field experiment was designed to reach this goal.
An on-site alignment was designed at the automobile test ground in Chang'an University to eliminate the impacts of environmental factors on vehicle performance, thus achieving free-flow operation. The geometric features of the experimental road were consistent except for the horizontal curve, and no vertical curve was set. This paper primarily focused on arterial highways and highways with design speeds greater than 60 km/h. The Chinese Design Specification for Highway Alignment regulates a general value of minimum radius 200 m for design speeds larger than 60 km/h. In addition, previous studies have shown that the influence of radius on the running speed was not obvious when the radius was larger than 550 m [24] , and the maximum circular radius of the field experiment was tentatively set at 550 m, which will be tested by the following study. Based on the above analysis, the range of radius chosen in this paper was [200 m, 550 m]. Compared with cars, heavy trucks are influenced greatly on small-radius curve section [22] . For sections with curve radius greater than 200 m, the setting of transition curve has no obvious impact on road traffic safety and in this case, the setting of the transition curve has little effect on driver's driving behavior. Thus, the effect of transition curve on carbon emissions can be neglected in this research [26] . By changing the radius of changing Sections 1 and 2 ( Figure 1 ), the CO 2 emission level of diesel trucks with different radii and lengths were measured. The radii of the two sections are shown in Table 6 . The fuel consumption data on straight sections were also recorded to determine the minimum curve radius affecting CO 2 emission later. The impact of a truck's weight on carbon emissions was not considered in this research, so a Jiefang Wellway J5M heavy-duty diesel truck (CA2120P7K2T5A70E3) with total weight of 12 tons was chose as the typical diesel truck [4] . 5 experienced truck drivers (male, aged 35 to 39 years, with driving experience of 10 to 18 years) were employed in field experiment. Before the test, they were requested to join the training to be familiar with the test road, thus maximumly eliminating the driver behavioral impacts on the results. A JDSZ-EP-1-1D Fuel Consumption Meter was used for fuel consumption measurement. Instantaneous speed, fuel consumption and cumulative fuel consumption data were dynamically measured and recorded by this instrument. Fuel consumption data were obtained from the field experiment by the fuel consumption meter. The IPCC (Intergovernmental Panel on Climate Change) accounting method was applied to convert fuel consumption data into carbon emission data. The IPCC accounting method is internationally recognized and widely used in estimation of greenhouse gas emissions [27] . The detailed description of the method is explained by Equations (2)-(5).
Where CEF is CO2 emission coefficient (kg CO2/kg); NCV is average net calorific value (TJ/Gg); PF is the potential carbon emission coefficient (t-C/TJ); COF is carbon oxidation ratio (%); K is efficiency of carbon conversion which is equal to 44/12; CEFL is CO2 emission coefficient for different diesel oil types per liter; is the density of different diesel oils ( kg/m 3 ); ∆T is the cumulative fuel consumption of 56-cycle (kg); E is the total CO2 emission (kg); e is the carbon emission per unit length (kg/m); S is the total length of 56-cycle (m).
In the MOVES model, energy consumption was firstly collected and then converted to fuel consumption as shown in Equation (6) . Fuel consumption was converted to carbon emission using the same method mentioned in Equations (2) 
The precision of the instantaneous speed model was verified by the field test data with different radii. The predicted speed and the experimental speed are shown in Table 7 . The speed difference ch an gi n g se ct io n 1 c h a n g in g s e c ti o n 2 The experiment was carried out from 24 May to 29 May 2018 at the automotive proving ground under clear weather. The test vehicle and fuel consumption meter were checked before the test. The drivers took turns repeating 56 cycles along the designated radius, and 56-cycle for one driver was one group of data for a designated radius. The repeatability of the operation could maximumly eliminate uncertain factors during the experiment. Detailed fuel consumptions, initial speeds, final speeds and locations were all recorded. A total of 40 groups of data with all designated radii were collected.
Fuel consumption data were obtained from the field experiment by the fuel consumption meter. The IPCC (Intergovernmental Panel on Climate Change) accounting method was applied to convert fuel consumption data into carbon emission data. The IPCC accounting method is internationally recognized and widely used in estimation of greenhouse gas emissions [27] . The detailed description of the method is explained by Equations (2)- (5).
where CEF is CO 2 emission coefficient (kg CO 2 /kg); NCV is average net calorific value (TJ/Gg); PF is the potential carbon emission coefficient (t-C/TJ); COF is carbon oxidation ratio (%); K is efficiency of carbon conversion which is equal to 44/12; CEFL i is CO 2 emission coefficient for different diesel oil types per liter; ρ i is the density of different diesel oils (kg/m 3 ); ∆T i is the cumulative fuel consumption of 56-cycle (kg); E i is the total CO 2 emission (kg); e i is the carbon emission per unit length (kg/m); S i is the total length of 56-cycle (m). In the MOVES model, energy consumption was firstly collected and then converted to fuel consumption as shown in Equation (6) . Fuel consumption was converted to carbon emission using the same method mentioned in Equations (2)- (5).
Fuel consumption (kg) = energy consumption (kg)/29, 270 × 1.4571 (6) The precision of the instantaneous speed model was verified by the field test data with different radii. The predicted speed and the experimental speed are shown in Table 7 . The speed difference between the predicted speed and the experimental speed was calculated to verify whether the selected parameters met the accuracy requirement. As shown in Table 7 , the relative error between the predicted value and the experimental value with different radii ranged from 1.66% to 3%, which verifies the selected speed model can meet the accuracy requirements and can be used in MOVES.
By inputting continuous parameters as mentioned in 2.1, CO 2 emission data were obtained. The precision of the MOVES model in China was evaluated by the difference between the simulated and actual CO 2 emission.
As shown in Table 8 , the average relative error is 7.34%. Therefore, the parameters selected in the MOVES model can meet the accuracy requirements, and MOVES model can be used to simulate CO 2 emission with different radii and lengths in China. 
Model Criterion
In the following modeling process, both AIC and BIC criteria were employed to evaluate the goodness-of-fit for the regression models. The accuracy of the model is higher when the values of AIC and BIC are relatively small, that the interpretation of data is better.
Results

CO 2 Emission Database
The basic modeling data derived from the MOVES model. By inputting continuous parameters as mentioned in 2.1, a considerable amount of CO 2 emission data were obtained. The database of heavy-duty diesel trucks on the circular curve section was then established through the MOVES model (Figures 2 and 3) . The following models were built on the basis of the database. 
CO2 Emission Prediction Model
Unary Regression Model of CO2 Emissions
In the modeling process, CO2 emissions per unit length was chosen as the dependent variable because it is more concise than cumulative CO2 emissions T.
is the quotient of T and S, and the results were then converted to cumulative CO2 emissions. As shown in Figures 4 and 5 , displayed an obvious trend on circular curve sections. Therefore, it is feasible to model between and the three variables (radius, length and initial speed) and SPSS software was used to fit the relationships. The unary regression models were firstly built and then a multiple regression model could be proposed. 
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In the modeling process, CO 2 emissions per unit length T i was chosen as the dependent variable because it is more concise than cumulative CO 2 emissions T. T i is the quotient of T and S, and the results were then converted to cumulative CO 2 emissions. As shown in Figures 4 and 5 , T i displayed an obvious trend on circular curve sections. Therefore, it is feasible to model between T i and the three variables (radius, length and initial speed) and SPSS software was used to fit the relationships. The unary regression models were firstly built and then a multiple regression model could be proposed.
is the quotient of T and S, and the results were then converted to cumulative CO2 emissions. As shown in Figures 4 and 5 , displayed an obvious trend on circular curve sections. Therefore, it is feasible to model between and the three variables (radius, length and initial speed) and SPSS software was used to fit the relationships. The unary regression models were firstly built and then a multiple regression model could be proposed. Tables 9 and 10. As presented in Tables 9 and 10 , the AIC and BIC values of the quadratic model were relatively small with R 2 = 0.736, significance, Sig. = 0.000. Overall, the quadratic regression line showed the best fit. 
As presented in Tables 9 and 10 , the AIC and BIC values of the quadratic model were relatively small with R 2 = 0.736, significance, Sig. = 0.000. Overall, the quadratic regression line showed the best fit. As presented in Tables 9 and 10 , the AIC and BIC values of the quadratic model were relatively small with R 2 = 0.736, significance, Sig. = 0.000. Overall, the quadratic regression line showed the best fit.
Based on the above analysis, the best regression model between CO 2 emissions per unit length and the radius was expressed as Equation (7):
The same process was carried out to analyze the other two parameters. The best three unary regression models are listed in Table 11 . Table 11 . Unary regression models. 
Model
Multiple Regression Model
A multiple regression model was proposed (Equation (9)) based on the unary regression models, to comprehensively reflect the influence of the initial speed, circular curve length and radius on CO 2 emissions through SPSS. The regression results are shown in Tables 12 and 13 . The regression model for T i is:
Finally, the regression models for T is:
)) (9) where T is the cumulative CO 2 emissions (10 −3 kg); S i is the ith circular curve length (m); R i is ith circular radius (m); V 0i is the ith initial speed (km/h).
It is important to note that Equation (9) can only be used to calculate the cumulative CO 2 emissions when the radius in the range of [200 m, 550 m].
Model Validation
The accuracy of the proposed CO 2 emission prediction model was validated using field experiment data. During the validation process, only 1-cycle length of the experimental road was used to calculate CO 2 emission for both the prediction model and the experiment. From Table 14 , the average relative error between predicted and actual CO 2 emission is 6.17%, which indicated high accuracy of the proposed prediction model, and the applicability of the CO 2 emission prediction model in China is guaranteed. 
Minimum Curve Radius Affecting CO 2 Emissions
One of the hypotheses in this paper is that the impact of radius on carbon emissions is minimal when the radius is larger than 550 m. The fuel consumption data from field experiment is shown in Figure 7 . It is apparent that higher radii result in lower fuel consumption. The slope is practically zero when the radius is 550 m. The reduction in fuel consumption is as small as 0.07 L/100 km when the radius changes from 500 m to 550 m. The fuel consumption for 550 m circular curve is 14.21 L/100 km, which is close to that of straight section (14.09 L/100 km). Therefore, the finding is in agreement with the initial assumption, and 550 m can be determined as the minimum radius affecting CO 2 emission. when the radius is 550 m. The reduction in fuel consumption is as small as 0.07 L/100 km when the radius changes from 500 m to 550 m. The fuel consumption for 550 m circular curve is 14.21 L/100 km, which is close to that of straight section (14.09 L/100 km). Therefore, the finding is in agreement with the initial assumption, and 550 m can be determined as the minimum radius affecting CO2 emission. 
Discussion
The research simulated the actual conditions of Xi'an city by matching reasonable parameters of the MOVES model. Based on the MOVES model, the fuel consumption data under different radii were obtained. The CO2 emission data were transformed from the fuel consumption data by applying IPCC accounting method. Finally, a CO2 emission prediction model was proposed incorporated with radius, circular curve length and initial speed. The accuracy of the model was validated by the field 
The research simulated the actual conditions of Xi'an city by matching reasonable parameters of the MOVES model. Based on the MOVES model, the fuel consumption data under different radii were obtained. The CO 2 emission data were transformed from the fuel consumption data by applying IPCC accounting method. Finally, a CO 2 emission prediction model was proposed incorporated with radius, circular curve length and initial speed. The accuracy of the model was validated by the field experiment data. The applicability of the prediction model in China is guaranteed with the relative error of 6.17%.
The minimum circular radius affecting CO 2 emissions is 550 m from this research. However, this finding does not agree with the finding from [21] , where the minimum curve radius impacting carbon emissions was found to be 500 m. The difference in results from this study and reported literature might be attributed to the differences in a heavy-duty truck's weights (30 tons used in the prior study and 12 tons in this study). Therefore, it might be plausible to speculate that the minimum curve radius is negatively correlative with the truck weight and this can be further explored. The relationships between geometric indexes and carbon emissions are qualitatively analyzed in [17] [18] [19] [20] , while a CO 2 emission prediction model comprehensively considering radius, curve length and initial speed is proposed in this paper, which can be used for quantitative analysis. The impact of average radius on fuel consumption and carbon emission are studied in [18] , revealing fuel consumption and CO 2 emission rates increase as average speeds decrease. The radius in [20] is below the minimum radius standard and the research show that fuel consumption and emissions increase with smaller radius. In this paper, the radius is in [200 m, 550 m], and the findings reveal that CO 2 emission decreases with the increase of radius, and when the radius is larger than 550 m, the increase of radius has little impact on carbon emission. In this research, the radius was restricted to [200 m, 550 m] and the influence of the transition curve was ignored. Meanwhile, a typical heavy-duty truck was selected as a test vehicle, so the CO 2 emission model cannot predict the carbon emissions of other vehicles. In future, the characteristics of carbon emissions with radius smaller than 200 m can be investigated. Moreover, the prospective study of carbon emission can take other factors (e.g., transition curve, vehicle mass, tyres and axles) into consideration. The carbon emissions under the combination of horizontal and vertical alignments can also be further studied.
Conclusions
This research attempted to study the relationship between CO 2 emissions and highway horizontal geometric elements for heavy-duty diesel trucks, thus guiding environmentally conscious highway construction. The present research provided a novel CO 2 emission prediction model for heavy-duty truck's CO 2 emissions on circular curves and identified the minimum curve radius affecting CO 2 emissions.
The proposed CO 2 emission prediction model can be widely used to analyze the potential CO 2 emissions during the design and long-term usage of the highway. Moreover, the cumulative CO 2 emission can be evaluated as an environment index in scheme comparison and selection. The result of the minimum curve radius affecting the carbon emissions has the potential to offer a reference for low-carbon highway design of horizontal curves. 
